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A B S T R A C T   

Coronaviruses are evolutionarily successful RNA viruses, common to multiple avian, amphibian and mammalian 
hosts. Despite their ubiquity and potential impact, knowledge of host immunity to coronaviruses remains 
incomplete, partly owing to the lack of overt pathogenicity of endemic human coronaviruses (HCoVs), which 
typically cause common colds. However, the need for deeper understanding became pressing with the zoonotic 
introduction of three novel coronaviruses in the past two decades, causing severe acute respiratory syndromes in 
humans, and the unfolding pandemic of coronavirus disease 2019 (COVID-19), caused by severe acute respi
ratory syndrome coronavirus 2 (SARS-CoV-2). This renewed interest not only triggered the discovery of two of 
the four HCoVs, but also uncovered substantial cellular and humoral cross-reactivity with shared or related 
coronaviral antigens. Here, we review the evidence for cross-reactive B cell memory elicited by HCoVs and its 
potential impact on the puzzlingly variable outcome of SARS-CoV-2 infection. The available data indicate tar
geting of highly conserved regions primarily in the S2 subunits of the spike glycoproteins of HCoVs and SARS- 
CoV-2 by cross-reactive B cells and antibodies. Rare monoclonal antibodies reactive with conserved S2 epitopes 
and with potent virus neutralising activity have been cloned, underscoring the potential functional relevance of 
cross-reactivity. We discuss B cell and antibody cross-reactivity in the broader context of heterologous humoral 
immunity to coronaviruses, as well as the limits of protective immune memory against homologous re-infection. 
Given the bidirectional nature of cross-reactivity, the unprecedented current vaccination campaign against SARS- 
CoV-2 is expected to impact HCoVs, as well as future zoonotic coronaviruses attempting to cross the species 
barrier. However, emerging SARS-CoV-2 variants with resistance to neutralisation by vaccine-induced antibodies 
highlight a need for targeting more constrained, less mutable parts of the spike. The delineation of such cross- 
reactive areas, which humoral immunity can be trained to attack, may offer the key to permanently shifting 
the balance of our interaction with current and future coronaviruses in our favour.   

1. Introduction 

A cardinal property of adaptive immunity is the ability to tailor its 
response to each invading pathogen, discriminating it from self-antigens 
or other pathogens [1]. The basis of this ability is a repertoire of T cell 
and B cell antigen receptors (TCRs and BCRs, respectively), which are 
somatically generated, clonally distributed and, in the case of BCRs, 
further somatically hypermutated [2–4]. Clonally expanded 

lymphocytes with TCRs or BCRs specific to a given foreign antigen need 
to be accommodated in the finite homeostatic space of the host, and 
their elevated frequency over time after infection constitutes the cellular 
basis of immunological memory [5,6]. 

Despite the exquisite specificity that characterises adaptive immu
nity, the response elicited by one pathogen can also recognise another 
related or unrelated pathogen. Such heterologous immunity may arise 
through recognition of identical antigenic epitopes shared by different 
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pathogens as part of larger proteins, or through recognition of unrelated 
epitopes owing to cross-reactivity of individual TCRs and BCRs [7]. 
These two extremes are not exclusive, and heterologous immunity often 
arises from recognition of non-identical but related epitopes with 
sequence or structure differences that fall within the tolerance thresh
olds of the inherently degenerate recognition by the antigen receptors 
[7]. 

Here, we review the evidence for heterologous immunity to human 
and emerging zoonotic coronaviruses, and the extent to which it may 
diversify the adaptive immune responses to severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). Evidence for both T cell and B 
cell cross-reactivity between endemic common cold human coronavi
ruses (HCoVs) and SARS-CoV-2 has recently been provided [8]. T cell 
cross-reactivity is observed far more commonly than B cell 
cross-reactivity, often in over half of individuals, and has been recently 
reviewed elsewhere [8]. Instead, we will focus primarily on antibody 
cross-reactivity and the limits humoral immunity may provide against 
HCoVs or SARS-CoV-2. 

The immensity of the unfolding coronavirus disease 2019 (COVID- 
19) pandemic has underscored the pathogenic potential of SARS-CoV-2 
but also the need for deeper understanding of coronavirus infection and 
host immunity [9]. In addition to SARS-CoV-2, six other coronaviruses 
have made humans their host, albeit not all equally successfully 
[10–14]. Since the isolation of the first HCoVs, the betacoronavirus 
HCoV-OC43 (Organ Culture 43) and the alphacoronavirus HCoV-229E 
around 1965 [15], it took nearly four decades and the zoonotic intro
duction of SARS-CoV in 2002 for further coronaviruses to be discovered. 
Although SARS-CoV outbreaks were limited and the virus disappeared 
by 2004, this renewed interest in coronaviruses led to the discovery of 
two other HCoVs: the alphacoronavirus HCoV-NL63 (Netherlands 63) 
and the betacoronavirus HCoV-HKU1 (Hong Kong University 1) in 
2004–2005 [15]. It was several years later, in 2012, when another 
zoonotic coronavirus, Middle East respiratory syndrome coronavirus 
(MERS-CoV), emerged with significant pathogenic potential but limited 
transmissibility. 

The main process targeted by virus-neutralising antibodies is entry 
into the host cell, which in all coronaviruses is carried out by the spike 
protein (S), a homotrimeric membrane-bound glycoprotein that is pro
teolytically processed into the S1 and S2 subunits which mediate re
ceptor binding and membrane fusion respectively [15]. Although not all 
coronaviruses use the same cellular receptor, parallels in receptor use 
can be observed, with a choice between a membrane-bound peptidase 
and sialoglycan-based receptors [15]. SARS-CoV, SARS-CoV-2, and 
HCoV-NL63 all share the angiotensin-converting enzyme 2 (ACE2) as 
their cellular receptor, whereas MERS-CoV and HCoV-229E use dipep
tidyl peptidase 4 (DPP4) and aminopeptidase N (APN), respectively 
[15–18]. In contrast, the two other betacoronaviruses, HCoV-OC43 and 
HCoV-HKU1, use 9-O-acetylated sialic acids on glycoproteins and gly
colipids and also employ the homodimeric hemagglutinin-esterase (HE) 
in the entry process, which is specific to this clade [15]. 

In addition to HCoVs, which have become endemic globally, humans 
may also be exposed to animal coronaviruses in more localised settings. 
These relatively frequent coronavirus zoonoses suggest frequent expo
sure of humans to animal coronaviruses which may not necessarily 
break the species barrier. For example, bats harbour a diverse array of 
coronaviruses and are considered an important source of coronavirus 
zoonoses [19,20]. In addition to the presence of live bats in wet markets, 
close and frequent contact with tree-roosting fruit bats may occur in 
agricultural areas. Moreover, bat guano, used as fertiliser in several 
countries in at least three continents, can expose guano miners to bat 
coronaviruses [21]. The avian coronavirus infectious bronchitis virus 
(IBV) causes disease in birds including farmed chickens, and can be a 
significant problem for the poultry industry [22]. Historically, IBV was 
controlled by a number of measures, which include spray and drinking 
water vaccination with live attenuated IBV strains [23,24], potentially 
exposing chicken farmers to avian coronaviruses. Similarly, detection of 

canine and feline coronaviruses has been reported in humans with acute 
respiratory symptoms [25,26]. 

Thus, humans are variably exposed to HCoVs as well as diverse an
imal coronaviruses, all of which may have the potential to induce 
adaptive immune responses that cross-react with other coronaviruses 
and SARS-CoV-2. Indeed, at least one study of SARS-CoV-2 reactive T 
cell responses in individuals with no history of SARS-CoV or SARS-CoV-2 
infection incriminated unknown animal coronaviruses rather than 
HCoVs as inducers of such cross-reactive T cells [27]. This was based on 
low homology of the identified epitopes with HCoVs but high conser
vation in animal betacoronaviruses [27]. As the precise source of 
coronavirus exposure or the inducers of cross-reactive immunological 
memory may not always be clear, even among HCoVs, we will consider 
all potential sources as one. 

2. Detection of coronavirus cross-reactive antibodies 

2.1. Main targets of humoral immunity 

Emerging zoonotic coronavirus outbreaks have necessitated the 
development of assays for the detection of infection and monitoring viral 
spread, and serology assays have been a vital part of such efforts. It was 
during the development of serology assays that antibody cross-reactivity 
between HCoVs and zoonotic coronaviruses was frequently observed 
and confounded interpretation of serology results. Indeed, the earlier 
attempts to develop serology assays for SARS-CoV infection demon
strated cross-reactivity of human and immunised animal sera with the 
nucleoproteins (N) of SARS-CoV and of HCoVs [28–30]. 

Both the S and N proteins are dominant targets of the antibody 
response to coronaviruses and have both been implicated in antibody 
cross-reactivity between SARS-CoV-2 and HCoVs [31,32]. Over the 
entire protein length, SARS-CoV-2 N shares higher amino acid identity 
(between 23.1 % and 31.1 %) than the SARS-CoV-2 S (between 20.5 % 
and 26.4 %), with their respective HCoV proteins. However, the S1, 
which contains the receptor binding domain (RBD), is considerably 
more divergent than the S2, and several regions in the S2 exhibit a 
higher degree of conservation among human and animal coronaviruses 
(Fig. 1) which could underlie its cross-recognition. 

The sequence divergence of both S and N proteins between SARS- 
CoV-2 and HCoVs is sufficiently large that the de novo response to 
unique SARS-CoV-2 epitopes appears to outweigh cross-reactive re
sponses [31,32]. Deep serological profiling of the SARS-CoV-2 proteome 
using VirScan [31] revealed more extensive cross-reactivity of the 
SARS-CoV-2 replicase polyprotein 1ab (ORF1ab), which was targeted 
less frequently than S or N but equally well by sera from both 
SARS-CoV-2 infected and uninfected donors. 

Whilst S as well as N and ORF1ab may carry epitopes that are similar 
among coronaviruses, an important distinction between cross-reactive 
antibodies to S and those to either N or ORF1ab is that only anti
bodies to surface S protein may interfere with viral entry and, therefore, 
affect viral spread, whereas no clear protective function has been 
described for antibodies to the internal N or ORF1ab proteins. For this 
reason, the focus here will be on cross-reactive antibodies to S, with 
emphasis on this distinction where it has been clearly made in individual 
studies. Moreover, antibody levels to S and N in response to SARS-CoV-2 
or HCoV-OC43 infection [32–36] do not necessarily correlate, and 
therefore antibodies to N are not a reliable surrogate for antibodies to S. 

2.2. Pre-existing SARS-CoV-2 S1 and RBD cross-reactive serum 
antibodies 

Anderson et al. employed standard ELISA to test pre-pandemic 
samples and reported the presence of SARS-CoV-2 RBD cross-reactive 
antibodies in 0.9 % of a large cohort of patients spanning the age 
spectrum [35]. By comparison, antibodies cross-reactive with 
SARS-CoV-2 N were found in 16 % of the same patients [35]. In a 
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separate cohort of adults, they detected SARS-CoV-2 RBD and N 
cross-reactive antibodies in 0.6 % and 24 % of samples, respectively 
[35]. 

Using a modified ELISA method that allowed use of higher concen
trations of sera, Yuen et al. detected reactivity with SARS-CoV-2 RBD in 
44 % of pre-pandemic samples and titres of these antibodies correlated 
with antibodies to HCoV-NL63 and HCoV-229E [33]. In the same study, 
100 % of the samples contained SARS-CoV-2 N cross-reactive antibodies 
[33]. 

Selva et al. used both a multiplex assay and standard ELISA to detect 
cross-reactive antibodies to SARS-CoV-2 S1 and RBD in pre-pandemic 
samples across the age spectrum [37]. Differences in cross-reactive an
tibodies were higher when assessed by the multiplex assay than by 
ELISA, which the authors partly attributed to higher sensitivity of the 
former [37]. 

Proteomic deconvolution of the SARS-CoV-2 S-reactive IgG antibody 
repertoire in COVID-19 convalescent donors revealed that antibodies 
targeting SARS-CoV-2 RBD comprise a small minority, with the bulk of 
the response (>80 %) directed against non-RBD domains such as the S2 
and the N-terminal domain (NTD) in the S1 [38]. Using a flow 
cytometry-based assay, Liu et al. were able to detect antibodies targeting 
epitopes in the NTD in 3 of 48 pre-pandemic serum samples [39]. 

Although pre-existing antibodies that cross-react with SARS-CoV-2 
S1 or RBD epitopes have been found in these and other studies [40], 
their levels and frequency are generally lower than of pre-existing an
tibodies to SARS-CoV-2 S2 or other SARS-CoV-2 antigens [31,32,35,41] 
and have not been extensively studied. 

2.3. Pre-existing SARS-CoV-2 S2 cross-reactive serum antibodies 

A flow cytometry-based assay, which measures binding of serum 
antibodies to the wild-type homotrimeric S, naturally presented on the 
surface of transfected cells, detected SARS-CoV-2 S cross-reactive anti
bodies in a proportion of pre-pandemic sera [32]. Pre-pandemic sera 
contained lower levels of SARS-CoV-2 S-binding antibodies predomi
nantly of the IgG class and targeted the S2 subunit, whereas COVID-19 
convalescent sera contained higher levels of IgG as well as IgM and 
IgA antibodies and targeted also the S1 subunit [32]. Cross-reactive 
epitopes in the SARS-CoV-2 S2 subunit in this study [32] mapped to 
several conserved regions, including epitope S810− 824 in the fusion 
peptide (Table 1). For consistency, we will denote the epitopes identified 

Fig. 1. Conservation of SARS-CoV-2 S subunits. Sequence conservation 
visualised on the closed structure of SARS-CoV-2 spike (PDB ID 6ZGE) [119]. 
Chain A was coloured according conservation calculated with the ConSurf al
gorithm (https://consurf.tau.ac.il) from the sequences of 24 animal and human 
coronaviruses. The other two chains are depicted in ling and dark grey 
respectively. 

Table 1 
Cross-reactive epitopes in the S2 of SARS-CoV-2 and other coronaviruses.  

S2 amino acid 
residues1 

S2 region or 
domain2 

Virus 
strain 

Mode of 
induction 

Study 

S785− 840 FP SARS- 
CoV-2 

Natural 
infection 

[46] 

S809− 826 FP SARS- 
CoV-2 

Natural 
infection 

[80] 

S809− 834 FP SARS- 
CoV-2 

Natural 
infection 

[81] 

S810− 816 FP SARS- 
CoV-2 

Natural 
infection 

[32] 

S811− 830 FP SARS- 
CoV-2 

Natural 
infection 

[31] 

S813− 868 FP SARS- 
CoV-2 

Natural 
infection 

[46] 

S817− 824 FP SARS- 
CoV-2 

Natural 
infection 

[32] 

S819− 824 FP SARS- 
CoV-2 

Natural 
infection 

[47] 

S851− 856 FP SARS- 
CoV-2 

Natural 
infection 

[32] 

S910− 1213 HR1 to HR2 SARS- 
CoV-2 

Immunisation [82] 

S980− 1006 HR1 to CH MERS- 
CoV 

Immunisation [90] 

S997− 1002 CH SARS- 
CoV-2 

Natural 
infection 

[32] 

S1040− 1044 CH SARS- 
CoV-2 

Natural 
infection 

[32] 

S1041− 1207 CD-SH-HR2 SARS- 
CoV 

Natural 
infection 

[86] 

S1073− 1210 CD-SH-HR2 SARS- 
CoV 

Immunisation [83] 

S1109− 1148 CD-SH SARS- 
CoV 

Immunisation [84] 

S1121− 1176 CD-SH-HR2 SARS- 
CoV-2 

Natural 
infection 

[46] 

S1140− 1168 SH-HR2 SARS- 
CoV-2 

Natural 
infection 

[81] 

S1144− 1163 SH SARS- 
CoV-2 

Natural 
infection 

[31] 

S1147− 1161 SH SARS- 
CoV-2 

Immunisation [89] 

S1148− 1156 SH SARS- 
CoV-2 

Natural 
infection 

[74] 

S1149− 1204 SH-HR2 SARS- 
CoV-2 

Natural 
infection 

[46] 

S1150− 1157 SH MERS- 
CoV 

Immunisation [87] 

S1150− 1156 SH-HR2 SARS- 
CoV-2 

Natural 
infection 

[47] 

S1169− 1188 HR2 SARS- 
CoV 

Immunisation [84] 

S1169− 1210 HR2-MP SARS- 
CoV 

Immunisation [84] 

S1205− 1212 MP SARS- 
CoV-2 

Natural 
infection 

[32]  

1 Amino acid numbering refer to SARS-CoV-2 S. 
2 FP: fusion peptide; HR1, heptad repeat 1; CH, central helix; CD, connecting 

domain; SH, stem helix; HR2, heptad repeat 2; MP, membrane proximal. 
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in the S proteins of different coronaviruses according to the amino acid 
sequence of SARS-CoV-2. Notably, this method detected SARS-CoV-2 
S-binding antibodies only in a small proportion of adults (~5 %), but 
in a considerably higher proportion of children and adolescents (~44 %) 
[32]. By comparison, standard ELISA with the stabilised ectodomain of 
SARS-CoV-2 S did detect cross-reactive antibodies in pre-pandemic sera 
but with a substantially reduced sensitivity and only identified 
approximately a third of the sera identified with the flow 
cytometry-based method in children and adolescents [32]. 

The higher sensitivity of flow cytometry-based detection may be 
expected, not only due to the more direct process of signal detection but 
also because it captures antibodies to the entire protein and its alter
native conformations. Indeed, several alternative conformations of 
SARS-CoV-2 S have now been described [42–45], exposing distinct 
epitopes that may not be presented in the fixed conformation of the 
stabilised ectodomain which also carries additional mutations necessary 
for its stability. Moreover, ELISA in this study or, indeed, other studies, 
would not have necessarily detected antibodies to epitopes in the 
membrane proximal region, as production of the soluble SARS-CoV-2 S 
ectodomain requires the removal of the transmembrane domain. Such 
modifications may alter or, in some cases, entirely remove epitopes in 
the membrane proximal region. SARS-CoV-2 N-binding antibodies were 
also found by standard ELISA in a comparable proportion of 
pre-pandemic sera, but not always in the same sera with SARS-CoV-2 
S-binding antibodies [32], suggesting that the two are not always linked. 

Using VirScan peptide libraries covering the proteomes of SARS- 
CoV-2, all four HCoVs, and other coronaviruses, Shrock et al. mapped 
an immunogenic region in SARS-CoV-2 S fusion peptide S811− 830 
(Table 1) that cross-reacted with the corresponding peptides from 
HCoV-OC43 and HCoV-229E in ~20 % of pre-pandemic samples [31]. In 
a separate study using the same method, Morgenlander et al. detected 
cross-reactive antibodies in up to 8 % of pre-pandemic plasma samples, 
included as a control in the analysis of COVID-19 convalescent plasma 
[46]. These cross-reactive antibodies in pre-pandemic samples targeted 
epitopes in the fusion peptide and heptad repeat 2 (HR2) regions of 
SARS-CoV-2 S (Table 1) and in homologous regions of HCoVs as well as 
other coronaviruses in the library [46]. Ladner et al. also used peptide 
libraries and mapped two immunodominant epitopes in SARS-CoV-2 S2, 
one in the fusion peptide (S819− 824) and one in HR2 (S1150− 1156) 
(Table 1), which were targeted in 1.5 %–20 % of pre-pandemic samples 
[47]. 

Nguyen-Contant et al. employed standard ELISA for SARS-CoV-2 
stabilised S ectodomain and the S2 subunit to detect cross-reactive an
tibodies in ~24 % and ~86 %, respectively, of pre-pandemic samples 
from adults [41]. No cross-reactive antibodies were detected against the 
SARS-CoV-2 RBD, underscoring preferential targeting of the S2 subunit 
[41]. The large difference in the proportion of cross-reactive antibodies 
detected in the same set of samples with each antigen suggested that the 
S2 subunit detects cross-reactive antibodies that are not necessarily 
detected by the stabilised S ectodomain [41]. Anderson et al. also used 
standard ELISA for SARS-CoV-2 stabilised S ectodomain and detected 
cross-reactive antibodies in 4.2 % and 2.2 % of two separate 
pre-pandemic cohorts [35]. The first cohort in this study included do
nors of all ages, which showed no obvious differences in SARS-CoV-2 S 
cross-reactive antibodies depending on birth year [35]. As with other 
studies, cross-reactive antibodies to SARS-CoV-2 S poorly correlated 
with those to SARS-CoV-2 N [35]. 

The multiplex assay employed by Selva et al. detected antibodies to 
SARS-CoV-2 S2 in a sizable fraction of pre-pandemic samples from do
nors of different ages [37]. Although the exact fraction of positive 
samples was not stated in the study, analysis of the source data indicated 
that 20 % of children and adolescents (ages 1–19), 12 % of adults (ages 
22–63), and 7 % of elderly donors (ages 65–92) had SARS-CoV-2 S2 
cross-reactive total IgG levels higher than the median of SARS-CoV-2 S2 
reactive IgG levels in COVID-19 patients [37]. Lapp et al. detected 
SARS-CoV-2 cross-reactive IgG antibodies, but not SARS-CoV-2 

neutralising antibodies, in pre-pandemic sera from 14 out of 14 children 
[48]. 

Using a microscopy-based immunofluorescence assay for detection 
of antibodies that bind the wild-type SARS-CoV-2 S, Tso et al. compared 
pre-pandemic plasma samples from sub-Saharan Africa (Tanzania and 
Zambia) and the USA and reported the presence of cross-reactive anti
bodies in 1.2 %, 2.9 % and 4 % of the respective samples [34]. These 
comparable frequencies of samples with SARS-CoV-2 S cross-reactive 
antibodies between sub-Saharan Africa and the USA contrasted with 
the prevalence of SARS-CoV-2 N cross-reactive antibodies, which were 
found to be much higher in sub-Saharan Africa [34], again highlighting 
the discordance between S and N cross-reactivity. 

Together, these studies provide compelling evidence for antibody 
cross-reactivity with SARS-CoV-2 S and S2 in particular, detected by a 
diverse array of methods in a proportion of pre-pandemic samples and 
likely induced by exposure to HCoVs. Although these studies, as well as 
additional studies [40,49,50], detected pre-existing cross-reactive anti
bodies, the reported prevalence varied widely. Some of this variability 
may be related to geographic or regional patterns of HCoV spread, the 
season or year of sample collection, or the age of the donors (discussed in 
subsequent sections). However, most of this variability is likely gener
ated by differences in sensitivity and specificity of distinct detection 
methods. As discussed above, this is particularly evident in studies 
comparing target antigen conformations and detection methods with the 
same samples [32,51]. 

2.4. Back-boosting of HCoV cross-reactive antibodies by SARS-CoV-2 
infection or vaccination 

Cross-reactivity between SARS-CoV-2 and other coronaviruses can 
also be demonstrated in reverse, by the ability of SARS-CoV-2 infection 
to induce or enhance titres of antibodies that cross-react with other 
coronaviruses. We will refer to this phenomenon as ‘back-boosting’, a 
term we consider neutral with respect to an impact on protective im
munity [52]. Although mechanistically related, the term ‘original anti
genic sin’ implies a negative effect on the antibody response to 
heterologous exposure, in this case to SARS-CoV-2, by ‘back-boosting’ of 
the response to previously encountered coronaviruses at the expense of a 
de novo response to SARS-CoV-2 [52]. 

Cross-reactivity between HCoVs and zoonotic coronaviruses that 
crossed the species barrier into humans was supported by back-boosting 
of pre-existing antibodies to HCoVs observed in patients who had 
recovered from SARS-CoV [53]. New studies during the COVID-19 
pandemic have looked at the back-boosting effect in greater detail and 
identified specific targets of cross-reactive antibodies. 

Using their comprehensive VirScan approach, Shrock et al. identified 
two cross-reactive epitopes in SARS-CoV-2 S2, S811− 830 and S1144− 1163 
(Table 1), which were targeted much more frequently by COVID-19 
patients than pre-pandemic controls, consistent with back-boosting 
[31]. Similarly, responses to the cross-recognised S819− 824 and 
S1150− 1156 epitopes identified by Ladner et al. (Table 1) were also 
elevated in COVID-19 convalescent samples compared with 
pre-pandemic samples [47]. In a separate study, antibodies 
cross-reactive with HCoV-OC43 S2 were also found to be increased in 
COVID-19 patients in the first seven days of hospitalisation [35]. 

Employing a bead-based Fc array method, Natarajan et al. found 
increased levels of HCoV-OC43 S2 cross-reactive antibodies in COVID- 
19 convalescent donors than in naïve donors [51]. Moreover, the anti
bodies boosted in COVID-19 convalescent donors cross-reacted with the 
wild-type HCoV-OC43 S but much less with the stabilised HCoV-OC43 S 
ectodomain, suggesting they recognised epitopes presented in the 
wild-type, but not mutated S [51]. A number of other studies docu
mented increased titres of antibodies cross-reactive with HCoV-OC43 S 
as well as other HCoVs in COVID-19 convalescent samples than in 
SARS-CoV-2-naïve samples, supporting a back-boosting effect [41, 
54–57]. 
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In addition to back-boosting of antibody responses to previously 
encountered HCoVs, particularly HCoV-OC43, following infection with 
SARS-CoV-2, similar increases in cross-reactive antibodies have been 
reported following vaccination against SARS-CoV-2 S [57–59]. Indeed, 
one or two doses of the BNT162b2 vaccine significantly increased levels 
of antibodies to all four HCoVs compared with unvaccinated 
SARS-CoV-2 uninfected and even unvaccinated COVID-19 convalescent 
controls [58]. 

Collectively, these studies highlight the bidirectional nature of cross- 
reactive antibody induction between HCoVs and SARS-CoV-2. The 
strong back-boosting of HCoV cross-reactive antibodies following SARS- 
CoV-2 infection or vaccination greatly facilitates their detection, which, 
as discussed above, requires more sensitive and precise methods than 
standard ELISA in pre-pandemic samples. 

2.5. Pre-existing SARS-CoV-2 S cross-reactive naïve and memory B cells 

In addition to detecting serum antibodies that cross-react with SARS- 
CoV-2 and HCoV S, heterologous immunological memory can also be 
demonstrated by detection of B cells that can ultimately produce such 
antibodies. 

By analysing the memory B cell repertoire of a SARS convalescent 
donor, Wec et al. identified 200 antibodies that cross-reacted with SARS- 
CoV-2 S [60]. Importantly, a sizable proportion of these antibodies also 
cross-reacted with HCoV S proteins and exhibited high somatic hyper
mutation levels, consistent with recall of pre-existing memory of HCoV 
infection [60]. Indeed, two SARS-CoV-2 S2 cross-reactive monoclonal 
antibodies also showed strong reactivity with HCoV-OC43 S [60]. 
Moreover, B cell repertoire analysis of a further 3 donors with no history 
of SARS-CoV or SARS-CoV-2 infection demonstrated that between 0.06 
% and 0.12 % of total B cells displayed SARS-CoV-2 reactivity. Of note, 
~30 % of the cross-reactive antibodies identified in this study that failed 
to recognise recombinant SARS-CoV S ectodomain recognised the full 
SARS-CoV S expressed on the surface of transfected cells, reinforcing the 
notion that recombinant S forms do not display the full array of B cell 
epitopes presented by the intact S [60]. 

In a separate study, Song et al. examined memory B cell responses to 
SARS-CoV-2 S in pre-pandemic and COVID-19 convalescent donors 
[61]. Although they found weak evidence for pre-existing cross-reactive 
serum antibodies, they did identify pre-existing cross-reactive memory B 
cells that were activated following SARS-CoV-2 infection [61]. The 
cross-reactive antibodies did not bind SARS-CoV-2 S1, suggesting reac
tivity with conserved epitopes in the S2 subunits of SARS-CoV-2 and one 
or more HCoVs [61]. Indeed, one such cloned cross-reactive antibody, 
CC40.8, targeted an epitope near the bottom of the S2 domain of the 
HCoV-HKU1 S trimer [61]. 

Nguyen-Contant et al. also investigated memory B cell responses to 
SARS-CoV-2 S in pre-pandemic and COVID-19 convalescent donors 
using an ELISPOT assay and although they did detect serum SARS-CoV-2 
S2 cross-reactive antibodies, they did not detect memory B cells with the 
same specificity in pre-pandemic samples, which they attributed to 
insufficient frequency for this detection method [41]. Nevertheless, they 
did detect significantly higher numbers of memory B cells producing 
HCoV-OC43 S cross-reactive IgG in COVID-19 convalescent donors than 
in pre-pandemic donors, consistent with a recall of pre-existing B cell 
memory of HCoV-OC43 in COVID-19 convalescent donors [41]. A strong 
back-boosting of B cell memory to HCoVs and to HCoV-OC43 in 
particular was also observed by Westerhuis et al., who investigated the 
cross-reactive B cell repertoire in severe COVID-19 cases [62]. Recall of 
memory B cell responses reactive with shared epitopes in HCoV-OC43, 
HCoV-HKU1 and SARS-CoV-2 S proteins was seen, not only following 
SARS-CoV-2 infection but also after SARS-CoV-2 mRNA vaccination 
[63]. 

Yang et al. analysed convergent Ig heavy chain (IGH) repertoires and 
identified numerous B cell clones reactive with SARS-CoV-2 S in pe
ripheral blood samples from pre-pandemic donors [64]. SARS-CoV-2 

RBD and non-RBD S domain cross-reactive clones also displayed so
matic hypermutation, with or without class-switching, consistent with B 
cell memory, particularly in the blood of young children [64]. 
Pre-pandemic donors also harboured SARS-CoV-2 S cross-reactive B cell 
clones with unmutated IgM or IgD, suggesting a relatively high pre
cursor frequency in the naïve repertoire [64]. Similarly, Kim et al. re
ported the presence of a predominantly IgM and minimally 
hypermutated stereotypic antibody reactive with the SARS-CoV-2 RBD 
in the B cell repertoire of 6 out of 10 pre-pandemic donors [65]. 

Thus, SARS-CoV-2 RBD-reactive antibodies may pre-exist, albeit at 
very low frequency, in the naïve B cell repertoire, but class-switched, 
hypermutated antibodies cross-reactive with more conserved regions 
of SARS-CoV-2 and HCoVs S proteins are more commonly expanded in 
the memory B cell repertoire. 

3. Age-dependent shifts in coronavirus-specific humoral 
immunity 

Infection with HCoVs is more frequent in early life and progressively 
becomes rarer with age, although different HCoVs exhibit distinct pat
terns [10–13]. Whilst behavioural factors may contribute to these pat
terns, progressive accumulation or maturation of immunity to HCoVs 
may also be expected to contribute. 

By comparing children and adults using systems serology analysis of 
196 antibody features, Selva et al. provided evidence for gradual 
maturation of the antibody response to HCoVs as well as cross-reactive 
antibodies to SARS-CoV-2 [37]. Vastly different serological signatures 
were observed between children and the elderly, supporting a model 
where the cumulative exposure to HCoVs with age progressively ma
tures antibody class and function and focuses the specificity to less 
cross-reactive antigens [37]. In contrast, children exhibited a more 
adaptable and more polyreactive antibody response. On note, children 
showed elevated cross-reactive IgM responses, whereas the elderly had 
elevated IgA class-switched responses to a range of antigens including 
SARS-CoV-2 S2 and N [37]. 

In a cohort of pre-pandemic samples from healthy donors, Deakin 
et al. observed a significant age-dependent antibody class-switch in the 
response to HCoV-OC43 N [36]. Whereas children mounted almost 
exclusively an IgM response to HCoV-OC43 N, adults progressively ac
quired a mixed IgM and IgG response, reaching equal proportions in 
advanced age and supporting a model of age-dependent maturation 
[36]. In contrast, antibodies to HCoV-OC43 S and cross-reactive anti
bodies to SARS-CoV-2 S were predominantly of the IgG class [32,36]. 

Weisberg et al., compared antibody responses to SARS-CoV-2 S and N 
in adult COVID-19 and paediatric COVID-19 or MIS-C (multisystem in
flammatory syndrome in children and adolescents) patients are found 
that whereas adults mounted IgG, IgM and IgA antibodies to SARS-CoV- 
2 S, children mounted predominantly an IgG response consistent with 
pre-existing immunological memory specifically in this age group [66]. 
In contrast, IgG responses to SARS-CoV-2 N were readily observed in 
adult but not paediatric COVID-19 patients [66]. 

These studies highlighted the notable differences in antibody class 
use between children and adults, as well as between S and N antigens, 
and underscored the importance of including all antibody classes when 
examining the response to SARS-CoV-2 or HCoV proteins. 

In their extensive adult and paediatric pre-pandemic cohorts, 
Anderson et al. reported no correlation between age and IgG antibodies 
for HCoV-OC43 S or IgG cross-reactive antibodies for SARS-CoV-2 S or 
N, but noted lower levels of IgG antibodies for HCoV-229E and HCoV- 
NL63 S proteins in very young children [35]. A modest decrease in 
seroprevalence for HCoV-OC43, HCoV-HKU1 and HCoV-229E was also 
reported in younger individuals by Galipeau et al. [67]. 

Analysis of IGH repertoires for convergent SARS-CoV-2 S cross- 
reactive B cell clones in pre-pandemic donors indicated that class- 
switched antibodies or mutated but unswitched antibodies were found 
more commonly in very young children than in adults [64]. In contrast, 
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unmutated, unswitched SARS-CoV-2 S cross-reactive B cell clones were 
present at similar frequencies in all age groups [64]. By expressing IGH 
genes as monoclonal antibodies and testing against a panel of HCoV and 
SARS-CoV-2 S proteins, Yang et al. obtained evidence that SARS-CoV-2 S 
cross-reactive B cell clones from children exhibit greater cross-reactivity 
in addition to higher frequencies [64]. 

Khan et al. also reported major qualitative differences in the HCoV- 
reactive pre-pandemic antibody repertoire between children and adults, 
with children harbouring more cross-reactive IgG antibodies targeting 
functionally important and structurally conserved regions of the S pro
teins [68]. 

Lastly, Dowell et al. provided evidence that in response to SARS-CoV- 
2 infection, children mounted a much broader humoral response against 
S antigens than adults, with back-boosting of antibodies to HCoV S 
proteins and cross-recognition of the S2 subunits [69]. 

Collectively, the emerging picture is one of progressive shaping of 
the B cell repertoire reactive with HCoVs and cross-reactive with SARS- 
CoV-2 through age-dependent changes in the frequency and accrued 
exposure to HCoVs. Antibodies for HCoV N appear to be largely of the 
unswitched IgM class in children that gradually, but incompletely class- 
switch to IgG with age. In contrast, antibodies for HCoV S, and partic
ularly those for the more conserved S2 epitopes, are predominantly 
class-switched and are found more frequently and more often mutated in 
children than in adults. 

4. Potential function of cross-reactive antibodies 

4.1. Potential contribution to pathogenicity 

Despite the wealth of evidence for the existence of antibodies that 
cross-react with SARS-CoV-2 S, a potential contribution, positive or 
negative, of such antibodies to the outcome of SARS-CoV-2 infection 
cannot be easily inferred from in vitro antibody binding assays. Many 
studies have also employed functional in vitro assays that measure cor
relates of potential in vivo function, including virus neutralisation, 
antibody-dependent cellular cytotoxicity (ADCC) and antibody- 
dependent enhancement (ADE) of virus infectivity. 

Although most antibody functions contribute to protective immu
nity, heterologous immunity may also prove counterproductive or 
pathogenic. Partial or non-protective antibody cross-reactivity may 
hinder or diverge a typical protective response, with original antigenic 
sin representing a prime example [52,70]. Indeed, as the bulk of the 
antibody responses to HCoVs back-boosted after SARS-CoV-2 infection 
may not neutralise SARS-CoV-2, Westerhuis et al. hypothesised that 
such back-boosting, particularly of antibodies for HCoV-OC43 S, nega
tively impacts de novo SARS-CoV-2 immunity in severe COVID-19 pa
tients [62]. Aydillo et al. provided evidence for a negative correlation 
between back-boosted antibodies for HCoVs and induction of IgG and 
IgM antibodies for SARS-CoV-2 S, consistent with immunological 
imprinting [55]. 

By comparing the antibody response to the different S protein sub
units and domains, McNaughton et al. found that severe fatal COVID-19 
cases exhibited lower levels of antibodies for SARS-CoV-2 S, RBD and 
NTD, but not for S2 or N, than severe non-fatal COVID-19 cases, and a 
strong positive correlation with antibodies to the S proteins of HCoV- 
OC43 and HCoV-HKU1 [56]. The altered balance of de novo responses 
to S1 and recall responses to S2 in severe fatal COVID-19 cases is 
reminiscent of original antigenic sin [56]. However, SARS-CoV-2 neu
tralising responses were not negatively impacted and all SARS-CoV-2 S 
antibody responses were still significantly higher in severe fatal 
COVID-19 cases than in asymptomatic SARS-CoV-2 infection cases, but 
perhaps not as high as it would be required to protect against the most 
severe SARS-CoV-2 infection [56]. 

Lapp et al. reported that priming of mice with HCoV-HKU1 induced 
SARS-CoV-2 S cross-reactive, non-neutralising antibodies and prevented 
the induction of SARS-CoV-2 neutralising antibodies following SARS- 

CoV-2 boost immunisation, consistent with original antigenic sin [48]. 
In contrast, the authors found that in children with COVID-19 or MIS-C, 
levels of antibodies for HCoV-HKU1 S showed a strong positive corre
lation with both SARS-CoV-2 S binding and SARS-CoV-2 neutralising 
antibodies [48], arguing that pre-existing HCoV-HKU1 antibodies did 
not inhibit the neutralising antibody responses to SARS-CoV-2. 

By screening a series of SARS-CoV-2 S reactive monoclonal anti
bodies from COVID-19 patients, Liu et al. discovered some that 
dramatically enhanced S binding to ACE2 and thus increased infectivity 
[39]. These antibodies targeted an infectivity-enhancing site located in 
the NTD [39]. Notably, they also detected low levels of antibodies tar
geting the infectivity-enhancing site in the NTD in a small proportion of 
pre-pandemic serum samples [39], raising the possibility that 
pre-existing cross-reactive antibodies may contribute to ADE [71]. 

Whether heterologous immunity induced by HCoVs or heterotypic 
immunity induced by one of the emerging SARS-CoV-2 variants com
promises the response to another SARS-CoV-2 variant or even enhances 
its replication will require further investigation. 

4.2. Potential contribution to protection 

Cross-reactive antibodies that bind SARS-CoV-2 S may, in principle, 
provide a certain degree of protection through one or more distinct 
modes of action. These include ADCC and other Fc-mediated effector 
functions, such as antibody-dependent cellular phagocytosis (ADCP) or 
complement-dependent cytotoxicity (CDC), which do not necessitate 
blocking of the interaction with the cellular receptor, as demonstrated 
with other viral pathogens [72,73], as well as with SARS-CoV-2 [74]. 
Nevertheless, virus neutralisation by interfering with cellular entry is a 
major action of protective antibodies and an aspect that is most 
commonly tested. 

Given the very low prevalence of SARS-CoV-2 S cross-reactive anti
bodies in uninfected adults, as well as the low titres in cases where they 
are found, it is perhaps expected that neutralising activity in unselected 
sera will also be very rare and at low levels in the naïve population. 
Indeed, several studies detected no or minimal neutralising activity 
against SARS-CoV-2 in most pre-pandemic samples [75,76]. 

Prévost et al. detected SARS-CoV-2 S pseudotype neutralising anti
bodies in 2 of 10 pre-pandemic samples [54]. Ng et al. detected 
SARS-CoV-2 S pseudotype and authentic SARS-CoV-2 neutralising an
tibodies in a subset of pre-pandemic samples, pre-selected for the pres
ence of cross-reactive antibodies for cell surface-presented SARS-CoV-2 
S [32]. These were more frequently found in children, and Deakin et al. 
found similar activity in pre-pandemic sera from a subset of paediatric 
rheumatology patients [36]. 

Anderson et al. detected very low titres of SARS-CoV-2 S pseudotype 
neutralising activity in rare pre-pandemic samples, which, however, did 
not overlap with the presence of SARS-CoV-2 S and N binding antibodies 
detected by ELISA, and did not detect authentic SARS-CoV-2 neutralis
ing activity in a smaller set of samples [35]. 

Weak SARS-CoV-2 neutralising activity has also been reported in 
pools of pre-pandemic plasma, but at levels that were two orders of 
magnitude lower than that of COVID-19 convalescent plasma [77], and 
low neutralising activity was detected in pre-pandemic intravenous 
immunoglobulin (IVIG) products in some studies but not in others [78, 
79]. By testing the in vitro functionality of convalescent plasma, Mor
genlander et al. found a positive correlation between HCoV-NL63 anti
bodies and highly neutralising SARS-CoV-2 antibodies [46]. 

Given that most of the cross-reactivity in SARS-CoV-2 naïve sera is 
directed against the S2 subunit and would not prevent RBD-ACE2 
interaction, virus neutralisation was unexpected. However, there is 
now clear evidence that polyclonal sera or monoclonal antibodies raised 
against the S2 subunit can exhibit considerable neutralising activity. 

By depleting antibodies reactive with the S809− 826 epitope in the S2, 
Poh et al. found that such antibodies contributed at least 20 % of the 
neutralising activity in COVID-19 convalescent sera [80]. Similarly, 
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Garrett et al. found that substantial neutralising activity remained in 
COVID-19 convalescent sera after depletion of RBD-targeting anti
bodies, which correlated with S2 binding antibodies, with the most 
commonly publicly targeted epitopes mapping to the fusion peptide 
(S809− 834) and stem helix and HR2 (S1140− 1168) (Table 1) [81]. 

Ma et al. found that sera from mice immunised with nanoparticles 
displaying both HR1 and HR2 domains of SARS-CoV-2 (S910− 1213) 
potently neutralised diverse alphacoronaviruses and betacoronaviruses 
[82]. Sera from rabbits immunised with a recombinant SARS-CoV S2 
fragment (corresponding to S1073− 1210 of SARS-CoV-2 S, Table 1), 
exhibited strong neutralising activity against SARS-CoV [83]. The in
vestigators also isolated monoclonal antibodies from immunised rabbits 
with potent neutralising activity against SARS-CoV that targeted three 
epitopes mapping to SARS-CoV-2 S stem helix, HR2 and membrane 
proximal regions (Table 1) [84]. 

Following immunisation of mice with human antibody genes, 
Elshabrawy et al. cloned several monoclonal antibodies reactive with 
SARS-CoV S2 with broad neutralising activity against different SARS- 
CoV isolates [85]. By cloning B cells from SARS convalescent patients, 
Duan et al. isolated a human monoclonal antibody B1, targeting a 
conserved epitope within SARS-CoV S2 (corresponding to S1041− 1207 in 
SARS-CoV-2 S, Table 1), with potent neutralising activity [86]. 

More recently, Wang et al. isolated two neutralising monoclonal 
antibodies (1.6C7 and 28D9) from mice with human antibody genes 
sequentially immunised with S ectodomains of HCoV-OC43, SARS-CoV 
and MERS-CoV that cross-reacted with a stem helix epitope (corre
sponding to S1150− 1157 of SARS-CoV-2 S, Table 1) [87]. Chi et al. cloned 
a neutralising monoclonal antibody, 0304− 3H3, from a COVID-19 pa
tient that targets SARS-CoV-2 S2 [88]. Similarly, the monoclonal anti
body CC40.8, isolated by Song et al. that cross-reacted with a conserved 
epitope near the bottom of the S2 subunit of SARS-CoV-2 and 
HCoV-HKU1, neutralised both SARS-CoV and SARS-CoV-2, albeit 
weakly [61]. Using heterologous immunisation of mice, Sauer et al. 
isolated a monoclonal antibody B6, targeting the S1147− 1161 epitope in 
SARS-CoV-2 S2 and cross-reacting with eight different betacoronavirus S 
proteins including HCoVs [89]. Structural data suggest that the 
S1147− 1161 epitope (Table 1) is a conserved cryptic epitope, binding to 
which sterically interferes with conformational changes during mem
brane fusion [89]. Consequently, B6 neutralised betacoronaviruses from 
lineages A and C, but not from lineage B (SARS-CoV-2 and SARS-CoV), 
where the S1147− 1161 epitope may be less accessible [89]. Pinto et al. 
isolated a broadly neutralising monoclonal antibody (S2P6) from a 
COVID-19 convalescent donor that cross-reacted with the S1148− 1156 
epitope (Table 1) in over twenty different betacoronavirus S proteins 
[74]. Moreover, the germline precursor of S2P6 reacted with the 
S1148− 1156 epitope in HCoV-OC43, suggesting it likely arose in response 
to HCoV-OC43 infection and acquired mutation that broadened it 
specificity towards SARS-CoV-2 [74]. Finally, by immunising mice with 
stabilised MERS-CoV S2 recombinant trimers Huang et al. raised the 
monoclonal antibody 3A3 specific to an epitope on the S2 hinge (cor
responding to S980− 1006 of SARS-CoV-2 S, Table 1) with potent in vitro 
neutralising activity [90]. 

5. The limits of protection against coronaviruses afforded by 
immunological memory 

Together, the above-mentioned studies establish that antibodies 
targeting conserved epitopes in the S2 subunit can indeed be elicited and 
exert potent neutralisation activity. Whether this activity can be detec
ted in COVID-19 convalescent or even pre-pandemic sera ultimately 
depends on the type and sensitivity of the neutralisation assay used, 
similarly to detection of binding antibodies according to the assay used. 
However, even in rare cases when in vitro neutralisation can be 
demonstrated, it does not necessarily equate to in vivo protection from 
infection or disease, as immune correlates of protection from corona
viruses in general are still incompletely understood. 

Several studies have examined possible correlations between 
measurable immune variables or historic exposure to heterologous 
coronaviruses and the risk or outcome of infection with SARS-CoV-2. In 
such epidemiological studies, cross-reactive T cell and B cell memory 
were not always assessed or distinguished. As any possible effect of 
heterologous immunity identified in these studies cannot be easily 
attributed to a particular arm of adaptive immunity, they will be 
considered collectively. 

A study of SARS-CoV-2 infection or disease in children during the 
first wave of COVID-19 in France reported similar prevalence and levels 
of antibodies to HCoVs between SARS-CoV-2 seropositive hospitalised 
patients, MIS-C patients and SARS-CoV-2 uninfected controls [91], 
arguing that pre-existing antibodies for HCoV S proteins do not prevent 
disease after SARS-CoV-2 infection nor are they back-boosted. 

In a study of MIS-C cases, Consiglio et al. found that antibodies for 
HCoVs, commonly found in other patient cohorts, were not present in 
sera from MIS-C patients, suggesting that they modulate the immune 
response to SARS-CoV-2 in a manner that leads to the development of 
MIS-C [92]. 

Anderson et al. reported no association between pre-existing anti
bodies cross-reactive with SARS-CoV-2 and protection from SARS-CoV-2 
infection in a cohort of adults [35]. Antibodies cross-reactive with 
SARS-CoV-2 S were extremely rare in this cohort, which was therefore 
stratified mainly based on non-protective IgG antibodies cross-reactive 
with SARS-CoV-2 N instead [35]. In a separate cohort in the same 
study, Anderson et al. found that back-boosted antibodies cross-reactive 
with SARS-CoV-2 S2 and HCoV-CO43 S2 did not correlate with the 
outcome of COVID-19 [35]. In a follow-up study, Gouma et al. examined 
the course of SARS-CoV-2 infection in health care workers and found a 
strong negative association between pre-existing antibody levels for 
betacoronaviruses HCoV-CO43 and HCoV-HKU1 and the duration of 
COVID-19 symptoms, an association which they attributed to cellular 
immunological memory [93]. 

Similarly, Guo et al. reported a significant correlation between cross- 
reactive antibodies for HCoV-OC43 S and disease severity in COVID-19 
patients [76], suggestive of cross-protection. In a study of hospitalised 
patients, Sagar et al. found that recent documented HCoV infection did 
not prevent SARS-CoV-2 infection but was associated with less severe 
disease [94], indicative of a protective effect. Henss et al. confirmed that 
levels of SARS-CoV-2 binding and neutralising antibodies correlated 
with COVID-19 severity in hospitalised patients [95]. In contrast, levels 
of HCoV-NL63 neutralising antibodies were lower in the most severe 
cases, suggesting the possibility of cross-reactive protection [95]. Using 
systems serology, Zohar et al. observed an early rise in SARS-CoV-2 
S2-reactive FcR binding antibodies that correlated with COVID-19 sur
vival and suggested that the ability to rapidly develop S2 cross-reactive 
immunity, rather than the level of pre-existing immunity to less 
cross-reactive RBDs, correlated with the neutralising response and dis
ease recovery [96]. Wang et al. also observed elevated responses to 
SARS-CoV-2 S2 in mild than in severe COVID-19 cases [97]. 

Estimating any effect of pre-existing immunological memory 
induced by HCoVs on the risk of SARS-CoV-2 infection and disease is not 
free from challenges. Antibodies that cross-react with SARS-CoV-2 S are 
rare in uninfected individuals, particularly in adults, and are best 
detected in assays using natural S conformations. Although cross- 
reactive antibodies for SARS-CoV-2 N are more easily and frequently 
detected, and may therefore be chosen as a surrogate, they may not 
necessarily correlate with SARS-CoV-2 S antibodies, nor can they 
mediate protection. Similarly, antibodies with direct reactivity with 
HCoV S or N proteins may not be a reliable proxy for cross-reactive 
antibodies for SARS-CoV-2 S or for stratifying cohorts, as seroposi
tivity for HCoVs is nearly universal whereas cross-reactivity with SARS- 
CoV-2 S is rare. Precise quantitation of an effect of pre-existing humoral 
or cellular immunological memory from HCoV exposure will require 
knowledge of HCoV immune status and SARS-CoV-2 S cross-reactivity 
shortly before infection with SARS-CoV-2, which may be difficult to 
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obtain for cohorts where SARS-CoV-2 infection is not routinely 
diagnosed. 

By detecting antibodies to the less conserved HCoV-OC43 RBD, 
Kaplonek et al. were able to determine the levels of pre-existing im
munity to this HCoV in SARS-CoV-2 infected individuals without the 
confounding effect of back-boosting that affects antibodies to conserved 
domains such as the S2 [98]. Using this measure, the investigators un
covered significantly higher levels of pre-existing IgM and IgG1 anti
bodies to HCoV-OC43 RBD in COVID-19 survivors with severe and 
moderate disease, than in COVID-19 non-survivors [98]. Moreover, 
early development of cross-reactive antibody responses to S2 remained 
the top predictor of survival in COVID-19 [98]. 

Nevertheless, epidemiological considerations suggest that any effect 
of pre-existing immunological memory of HCoVs, whilst possibly 
modifying its outcome, is unlikely to prevent SARS-CoV-2 infection. For 
example, despite near universal HCoV seropositivity, both children and 
adults experience multiple HCoV reinfections over their lifetime. As 
antibodies directly reactive with HCoVs do not prevent re-infection with 
homologous HCoVs themselves, they would be unlikely to prevent 
heterologous infection with SARS-CoV-2 by virtue of cross-reactivity. 

5.1. Protection against homologous or heterologous infection 

Epidemiological evidence suggests that HCoV infection does provide 
a degree of protection from homologous reinfection, albeit incomplete 
or short-lived [10,11,99]. Indeed, reinfection with the same HCoV can 
frequently occur 12 months after the previous infection [100]. However, 
waning immunological memory may not be the only cause of homolo
gous HCoV reinfections. Two recent studies provided evidence for 
antigenic drift of HCoV S proteins, particularly of the RBD, which en
ables HCoVs to evade adaptive immunity [101,102]. Such escape from 
antibody recognition is consistent with evolutionary pressure from 
otherwise protective longer-lived humoral immunity. Equally, immu
nological memory induced by SARS-CoV-2 infection or vaccination may 
be longer-lived that initially thought [103–107]. 

Epidemiological evidence also indicates partial heterologous im
munity between HCoVs [10,11,99]. An important aspect of heterologous 
HCoV immunity is asymmetry. It has been suggested that, whereas 
HCoV-OC43 may elicit immunity against HCoV-HKU1, the reverse may 
not apply [11]. The alphacoronaviruses may also behave in a similar 
manner, with HCoV-NL63 eliciting immunity against HCoV-229E but 
not the reverse [11]. This hypothesis based on seroconversion data is 
also supported by transmission dynamics modelling [108]. 

Asymmetry and hierarchy may also characterise heterotypic immu
nity between SARS-CoV-2 variants. For example, whereas the parental 
SARS-CoV-2 strains induce robust immunity against the B.1.1.7 variant 
that emerged in the United Kingdom, natural immunity induced by 
infection with the B.1.1.7 variant is much weaker against the parental 
strains [109,110]. Neither variant induces strong immunity against the 
B.1.351 variant that emerged in South Africa, but infection with B.1.351 
variant induces robust immunity against its parental strain, as well as 
the B.1.1.28 variant first emerged in Brazil [111,112]. Relative asym
metry in heterotypic immunity has also been observed following 
vaccination with SARS-CoV-2 variants in a mouse model [113]. 

5.2. Zoonotic introduction of new coronaviruses in the backdrop of 
endemic HCoVs 

The devastating and rapid spread of SARS-CoV-2 in the human 
population since its introduction from suspected animal reservoirs is 
stark evidence that immunological memory induced by endemic HCoVs 
is insufficient to prevent zoonoses, epidemics, and eventual pandemics 
caused by new coronaviruses. Albeit far less successful than SARS-CoV- 
2, the initial spread of SARS-CoV or MERS-CoV was also unlikely to have 
been impacted by endemic HCoVs. These three recent zoonotic coro
naviruses are phylogenetically more distant from HCoVs than HCoVs are 

amongst themselves. For example, the S glycoproteins of the alphacor
onaviruses HCoV-229E and HCoV-NL63 share 54.7 % identity and of the 
betacoronaviruses HCoV-OC43 and HCoV-HKU1 share 63.1 % identity 
at the amino acid level. In contrast, the SARS-CoV-2 S and its closest 
relative in HCoVs, the HCoV-OC43 S, share only 26.4 % identity. It is, 
therefore, possible that heterologous immunity between the different 
HCoVs is stronger than between HCoVs and SARS-CoV-2. Indeed, there 
is epidemiological evidence that immunological memory elicited by one 
HCoV can reduce the likelihood of infection with another HCoV type 
[11,108]. 

Nevertheless, the fact that multiple HCoVs are concurrently endemic 
highlights the limits of heterologous immunity and further suggests that 
it played a limited role during the initial introduction of HCoVs into 
humans. For example, molecular clock analysis of the HCoV-OC43 S 
gene indicated a relatively recent zoonotic introduction, dating to 
around 1890 [114], whereas other HCoVs are estimated to have been 
introduced much earlier [115–117]. Therefore, HCoV-OC43 appears to 
have successfully established endemic infection in humans and is even 
hypothesised to have caused the 1889–1890 pandemic [114] despite the 
pre-existence of other HCoVs [117]. The same can also be argued for all 
endemic and new pandemic CoVs that were introduced in humans after 
the first endemic HCoV was established. 

It is interesting to note, however, that the estimated order in which 
HCoVs first emerged in humans may be related to the degree of heter
ologous immunity they each elicit. In the alphacoronaviruses, HCoV- 
NL63, which has been suggested to induce stronger heterologous im
munity against HCoV-229E than HCoV-229E does against HCoV-NL63 
[11], is estimated to have emerged after HCoV-229E [117]. Similarly, 
in the betacoronaviruses, HCoV-OC43, which is thought to induce 
stronger heterologous immunity against HCoV-HKU1 than HCoV-HKU1 
does against HCoV-OC43 [11,108], is estimated to have emerged after 
HCoV-HKU1 [117]. The ability to escape heterologous immunity eli
cited by their respective, pre-existing genus member may have 
contributed to the successful establishment of HCoV-NL63 and 
HCoV-OC43 in humans. 

6. Concluding remarks 

The initial introduction and continuous presence of multiple 
endemic HCoVs and the rapid spread of the new pandemic SARS-CoV-2 
might suggest that humans are largely defenceless against infection with 
coronaviruses, if not associated disease. However, it is worth remem
bering that knowledge of our interaction with coronaviruses stems from 
the study of only those that have successfully crossed into our species – 
and this knowledge is still incomplete. We might not know, for example, 
of other coronaviruses that were less successful, perhaps owing to a 
certain degree of cross-reactivity with endemic HCoVs. The current 
HCoVs are typically thought of as harmless, but they may have not been 
as harmless when they first emerged [114], nor are they always harmless 
today. A relatively recent outbreak of HCoV-OC43 in a care facility 
resulted in infection mortality rates in vulnerable populations compa
rable with those of SARS-CoV or SARS-CoV-2 [30]. Thus, HCoVs may 
not be entirely tamed, but rather rendered less harmful by protective but 
not necessarily sterilising adaptive immune responses. Similarly, 
SARS-CoV-2 has an overall devastatingly high infection mortality rate, 
but the majority of infections, particularly in children and young adults, 
are not associated with severe disease. 

The properties underlying such protection from disease may hold the 
key to a favourable equilibrium with coronaviruses and this may well 
include shaping of our immune repertoires by repeated exposure to 
endemic and pandemic coronaviruses. The current successes of SARS- 
CoV-2 vaccination campaigns also highlight that adaptive immunity 
can indeed be trained to provide effective control of coronaviruses. As 
SARS-CoV-2 still retains much of its bat coronavirus origins, vaccination 
against SARS-CoV-2 S should provide a certain degree of protection 
against other bat coronaviruses attempting to cross the species barrier. 
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Indeed, cross-reactive antibodies against bat coronavirus RBDs are 
induced by vaccination with SARS-CoV-2 RBDs [118]. Given the 
significantly higher conservation of the S2 than the RBD among animal 
coronaviruses as well as between animal and HCoVs, it may prove the 
Achilles heel for a broader range of coronaviruses that can escape 
antibody recognition by antigenic drift of the RBD [101,102]. Such 
cross-reactive immunity may also constrain the available space for 
SARS-CoV-2 escape. For example, certain mutations in the fusion pep
tide of SARS-CoV-2 S2 improve binding by pre-existing HCoV-induced 
antibodies [81]. 

As the SARS-CoV-2 pandemic is evolving, we should soon be able to 
fill the gaps in understanding of the interplay of coronaviruses and the 
human immune response, the interaction between coronaviruses, and 
the ultimate impact of the first global coronavirus vaccination campaign 
on the equilibrium with endemic and any emerging new coronaviruses. 
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positive results in a recombinant severe acute respiratory syndrome-associated 
coronavirus (SARS-CoV) nucleocapsid-based western blot assay were rectified by 
the use of two subunits (S1 and S2) of spike for detection of antibody to SARS- 
CoV, Clin. Vaccine Immunol. 13 (3) (2006) 409–414. 

[30] D.M. Patrick, M. Petric, D.M. Skowronski, R. Guasparini, T.F. Booth, M. Krajden, 
P. McGeer, N. Bastien, L. Gustafson, J. Dubord, D. Macdonald, S.T. David, L. 
F. Srour, R. Parker, A. Andonov, J. Isaac-Renton, N. Loewen, G. McNabb, 
A. McNabb, S.H. Goh, S. Henwick, C. Astell, J.P. Guo, M. Drebot, R. Tellier, 
F. Plummer, R.C. Brunham, An outbreak of human coronavirus OC43 infection 
and serological cross-reactivity with SARS coronavirus, Can. J. Infect. Dis. Med. 
Microbiol. 17 (6) (2006) 330–336. 

[31] E. Shrock, E. Fujimura, T. Kula, R.T. Timms, I.-H. Lee, Y. Leng, M.L. Robinson, B. 
M. Sie, M.Z. Li, Y. Chen, J. Logue, A. Zuiani, D. McCulloch, F.J.N. Lelis, S. Henson, 
D.R. Monaco, M. Travers, S. Habibi, W.A. Clarke, P. Caturegli, O. Laeyendecker, 
A. Piechocka-Trocha, J. Li, A. Khatri, H.Y. Chu, A.-C. Villani, K. Kays, M. 
B. Goldberg, N. Hacohen, M.R. Filbin, X.G. Yu, B.D. Walker, D.R. Wesemann, H. 
B. Larman, J.A. Lederer, S.J. Elledge, Viral epitope profiling of COVID-19 patients 
reveals cross-reactivity and correlates of severity, Science (New York, N.Y.) 
(2020) eabd4250. 

[32] K.W. Ng, N. Faulkner, G.H. Cornish, A. Rosa, R. Harvey, S. Hussain, R. Ulferts, 
C. Earl, A.G. Wrobel, D.J. Benton, C. Roustan, W. Bolland, R. Thompson, A. Agua- 
Doce, P. Hobson, J. Heaney, H. Rickman, S. Paraskevopoulou, C.F. Houlihan, 
K. Thomson, E. Sanchez, G.Y. Shin, M.J. Spyer, D. Joshi, N. O’Reilly, P.A. Walker, 
S. Kjaer, A. Riddell, C. Moore, B.R. Jebson, M. Wilkinson, L.R. Marshall, E. 
C. Rosser, A. Radziszewska, H. Peckham, C. Ciurtin, L.R. Wedderburn, R. Beale, 
C. Swanton, S. Gandhi, B. Stockinger, J. McCauley, S.J. Gamblin, L.E. McCoy, 
P. Cherepanov, E. Nastouli, G. Kassiotis, Preexisting and de novo humoral 
immunity to SARS-CoV-2 in humans, Science 370 (6522) (2020) 1339–1343. 

[33] R.R. Yuen, D. Steiner, R.M.F. Pihl, E. Chavez, A. Olson, E.L. Smith, L.A. Baird, 
F. Korkmaz, P. Urick, M. Sagar, J.L. Berrigan, S. Gummuluru, R.B. Corley, 
K. Quillen, A.C. Belkina, G. Mostoslavsky, I.R. Rifkin, Y. Kataria, A.J. Cappione, 
W. Gao, N.H. Lin, N. Bhadelia, J.E. Snyder-Cappione, Novel ELISA protocol links 
pre-existing SARS-CoV-2 reactive antibodies with endemic coronavirus immunity 
and age and reveals improved serologic identification of acute COVID-19 via 
multi-parameter detection, Front. Immunol. 12 (826) (2021). 

[34] F.Y. Tso, S.J. Lidenge, P.B. Peña, A.A. Clegg, J.R. Ngowi, J. Mwaiselage, 
O. Ngalamika, P. Julius, J.T. West, C. Wood, High prevalence of pre-existing 
serological cross-reactivity against severe acute respiratory syndrome 
coronavirus-2 (SARS-CoV-2) in sub-Saharan Africa, Int. J. Infect. Dis. 102 (2021) 
577–583. 

[35] E.M. Anderson, E.C. Goodwin, A. Verma, C.P. Arevalo, M.J. Bolton, M.E. Weirick, 
S. Gouma, C.M. McAllister, S.R. Christensen, J. Weaver, P. Hicks, T.B. Manzoni, 
O. Oniyide, H. Ramage, D. Mathew, A.E. Baxter, D.A. Oldridge, A.R. Greenplate, 
J.E. Wu, C. Alanio, K. D’Andrea, O. Kuthuru, J. Dougherty, A. Pattekar, J. Kim, 
N. Han, S.A. Apostolidis, A.C. Huang, L.A. Vella, L. Kuri-Cervantes, M. 
B. Pampena, M.R. Betts, E.J. Wherry, N.J. Meyer, S. Cherry, P. Bates, D.J. Rader, 
S.E. Hensley, Seasonal human coronavirus antibodies are boosted upon SARS- 
CoV-2 infection but not associated with protection, Cell 184 (2021) 1858–1864. 

[36] C.T. Deakin, G.H. Cornish, K.W. Ng, N. Faulkner, W. Bolland, J. Hope, A. Rosa, 
R. Harvey, S. Hussain, C. Earl, B.R. Jebson, M. Wilkinson, L.R. Marshall, 

K.W. Ng et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0005
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0005
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0005
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0010
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0010
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0015
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0015
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0020
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0020
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0025
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0025
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0030
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0030
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0035
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0035
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0040
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0040
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0045
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0045
https://wellcomeopenresearch.org/articles/5-52/v1)
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0055
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0055
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0055
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0060
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0060
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0060
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0065
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0065
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0070
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0070
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0070
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0075
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0075
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0080
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0080
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0080
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0080
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0080
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0085
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0085
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0085
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0090
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0090
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0090
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0090
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0090
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0095
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0095
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0100
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0100
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0105
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0105
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0105
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0105
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0110
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0110
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0115
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0115
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0115
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0120
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0120
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0120
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0125
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0125
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0125
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0125
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0130
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0130
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0130
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0135
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0135
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0135
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0135
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0135
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0140
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0140
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0140
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0140
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0145
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0145
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0145
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0145
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0145
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0145
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0150
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0150
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0150
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0150
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0150
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0150
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0150
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0155
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0155
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0155
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0155
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0155
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0155
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0155
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0155
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0160
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0160
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0160
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0160
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0160
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0160
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0160
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0160
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0160
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0165
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0165
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0165
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0165
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0165
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0165
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0165
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0170
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0170
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0170
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0170
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0170
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0175
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0175
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0175
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0175
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0175
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0175
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0175
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0175
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0180
http://refhub.elsevier.com/S1044-5323(21)00038-5/sbref0180


Seminars in Immunology xxx (xxxx) xxx

10

K. O’Brien, E.C. Rosser, A. Radziszewska, H. Peckham, H. Patel, J. Heaney, 
H. Rickman, S. Paraskevopoulou, C.F. Houlihan, M.J. Spyer, S.J. Gamblin, 
J. McCauley, E. Nastouli, M. Levin, P. Cherepanov, C. Ciurtin, L.R. Wedderburn, 
G. Kassiotis, Favorable antibody responses to human coronaviruses in children 
and adolescents with autoimmune rheumatic diseases, Med (New York, N.Y.) 2 
(9) (2021) 1093–1109.e6. 

[37] K.J. Selva, C.E. van de Sandt, M.M. Lemke, C.Y. Lee, S.K. Shoffner, B.Y. Chua, S. 
K. Davis, T.H.O. Nguyen, L.C. Rowntree, L. Hensen, M. Koutsakos, C.Y. Wong, 
F. Mordant, D.C. Jackson, K.L. Flanagan, J. Crowe, S. Tosif, M.R. Neeland, 
P. Sutton, P.V. Licciardi, N.W. Crawford, A.C. Cheng, D.L. Doolan, F. Amanat, 
F. Krammer, K. Chappell, N. Modhiran, D. Watterson, P. Young, W.S. Lee, B. 
D. Wines, P. Mark Hogarth, R. Esterbauer, H.G. Kelly, H.X. Tan, J.A. Juno, A. 
K. Wheatley, S.J. Kent, K.B. Arnold, K. Kedzierska, A.W. Chung, Systems serology 
detects functionally distinct coronavirus antibody features in children and 
elderly, Nat. Commun. 12 (1) (2021) 2037. 

[38] W.N. Voss, Y.J. Hou, N.V. Johnson, G. Delidakis, J.E. Kim, K. Javanmardi, A. 
P. Horton, F. Bartzoka, C.J. Paresi, Y. Tanno, C.-W. Chou, S.A. Abbasi, W. Pickens, 
K. George, D.R. Boutz, D.M. Towers, J.R. McDaniel, D. Billick, J. Goike, L. Rowe, 
D. Batra, J. Pohl, J. Lee, S. Gangappa, S. Sambhara, M. Gadush, N. Wang, M. 
D. Person, B.L. Iverson, J.D. Gollihar, J. Dye, A. Herbert, I.J. Finkelstein, R. 
S. Baric, J.S. McLellan, G. Georgiou, J.J. Lavinder, G.C. Ippolito, Prevalent, 
protective, and convergent IgG recognition of SARS-CoV-2 non-RBD spike 
epitopes, Science (New York, N.Y.) (2021) eabg5268. 

[39] Y. Liu, W.T. Soh, A. Tada, A. Arakawa, S. Matsuoka, E.E. Nakayama, S. Li, C. Ono, 
S. Torii, K. Kishida, H. Jin, W. Nakai, N. Arase, A. Nakagawa, Y. Shindo, 
M. Kohyama, H. Nakagami, K. Tomii, K. Ohmura, S. Ohshima, M. Okada, 
Y. Matsuura, D.M. Standley, T. Shioda, H. Arase, An infectivity-enhancing site on 
the SARS-CoV-2 spike protein is targeted by COVID-19 patient antibodies, Cell 
184 (2021) 3452–3466.e18. 

[40] E.D. Laing, S.L. Sterling, S.A. Richard, N.J. Epsi, S. Coggins, E.C. Samuels, 
S. Phogat, L. Yan, N. Moreno, C.L. Coles, M. Drew, J. Mehalko, S. Merritt, 
K. Mende, V. Munster, E. de Wit, K.K. Chung, E.V. Millar, D.R. Tribble, M. 
P. Simons, S.D. Pollett, D. Esposito, C. Lanteri, G.T. Clifton, E. Mitre, T.H. Burgess, 
C.C. Broder, Antigen-based multiplex strategies to discriminate SARS-CoV-2 
natural and vaccine induced immunity from seasonal human coronavirus 
humoral responses, medRxiv (2021). 

[41] P. Nguyen-Contant, A.K. Embong, P. Kanagaiah, F.A. Chaves, H. Yang, A. 
R. Branche, D.J. Topham, M.Y. Sangster, S protein-reactive IgG and memory B 
cell production after human SARS-CoV-2 infection includes broad reactivity to 
the S2 subunit, mBio 11 (5) (2020) e01991–20. 

[42] Y. Cai, J. Zhang, T. Xiao, H. Peng, S.M. Sterling, R.M. Walsh, S. Rawson, S. Rits- 
Volloch, B. Chen, Distinct conformational states of SARS-CoV-2 spike protein, 
Science 369 (6511) (2020) 1586–1592. 

[43] S. Klein, M. Cortese, S.L. Winter, M. Wachsmuth-Melm, C.J. Neufeldt, B. Cerikan, 
M.L. Stanifer, S. Boulant, R. Bartenschlager, P. Chlanda, SARS-CoV-2 structure 
and replication characterized by in situ cryo-electron tomography, Nat. Commun. 
11 (1) (2020) 5885. 

[44] Z. Ke, J. Oton, K. Qu, M. Cortese, V. Zila, L. McKeane, T. Nakane, J. Zivanov, C. 
J. Neufeldt, B. Cerikan, J.M. Lu, J. Peukes, X. Xiong, H.-G. Kräusslich, S.H. 
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